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Abstract

An electro-osmotic actuation mechanism is explored for micropump applications
where self contained, low power, miniaturized pumps are necessary. The principle of
electro-osmosis through a cation selective membrane is used to develop a differential
pressure which is used to deflect a pump membrane. In an electro-osmotic cell, there are
electrolyte filled chambers on either side of an ion specific membrane. Hydrated cations
migrate in an applied electric field, effectively pulling water molecules to the cathodic
chamber. In such a setup, the polarity of the current can be periodically reversed causing
the chambers to alternately fill and discharge.

Since the chemical reactions are

reversible, an operating window can be defined so that the electrodes do not degrade and
gas bubbles do not form.

Using data from the characterization of an ion specific

membrane such as Nafion, design parameters were developed that could be used to build
and operate a micropump using standard MEMS based fabrication and packaging
technology. The design is compatible with a silicon substrate which could contain fluidic
channels and chambers. Upper layers could be fabricated using laser cut plastic, Nafion
membranes and elastomeric membranes. Characterization of the materials was done with
an acrylic test cell that could be disassembled and reused [1]. Recommendations for the
miniaturization and integration of the micropump were developed. Measurements of
Nafion water transport properties were used to determine operating current requirements.
Recommendations for the minimization of energy consumption is provided as related to
chamber geometry.

Possible explanations for anomalous effects observed during

experimentation were explored through simulation.
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Chapter 1

Introduction and Motivation
1.1 Micropumps
Micropumps are important in applications where very small, precise fluid
volumes must be moved.

Various technologies have been developed to address

applications such as chemical analysis, biological analysis and chemical or drug delivery.
Some of the drawbacks of current technologies include the need for external power
sources, low pumping efficiency, complexity, high voltage, incompatibility with the
substances being delivered and limited ability for remote control.

In applications

requiring the remote operation of a micropump, it is desirable to have a pump with low
power and voltage requirements, small size, acceptable materials compatibility and
ability to deliver very small and precise amounts.
Two primary classes of micropumps are mechanical and non-mechanical.
Mechanical pumps use moving parts such as membranes, check valves and turbines to
transfer energy to a fluid.

Non-mechanical pumps use other means, such as

electrophoresis or electro-osmosis to transfer energy to a fluid. Actuation mechanisms
for mechanical pumps may be either external or integrated and include pneumatic,
piezoelectric, electro-static and shape memory.

External actuators are capable of

transferring large amounts of force into a pump, but their large size is not practical for
miniaturization. Integrated actuators often suffer from insufficient force, high energy use
and problems with thermal management.
A pump based on check valves will have a pump chamber surrounded by two
check valves. Check valves cause flow to go in a preferred direction. When the actuator
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on the pump chamber moves in one direction, one of the check valves will allow fluid
into the chamber from one side while the other check valve prevents flow in from the
other side. When the actuator reverses direction, the check valve that allowed fluid in
closes to prevent outflow and the other check valve opens to allow fluid to move out.
This check valve arrangement ensures that fluid only flows in one direction. A peristaltic
arrangement of at least three pump chambers allows a micropump to be made without
check valves. The different chambers are operated in a sequence that pushes the fluid
through.
Some non-mechanical pumping techniques include electrophoresis and electroosmosis. Electrophoresis uses an electric field to move charged species within a fluid.
An electro-osmotic pump uses a varying electric field in a channel to cause the electric
double layer to move. Interaction between ions in the fluid and the double layer causes
movement of the fluid. Non-mechanical pumps are typically smaller and have flow rates
less than those of mechanical pumps. Non-mechanical pumps are needed to control
flows in the nanoliter per minute range [2].
Another form of electro-osmosis is when hydrated ions are forced to move
through an ion selective membrane in the presence of an electric field. This principle can
be used to pressurize and move separate pump membranes, leading to a pump that has
both mechanical and non-mechanical features.

Using this hybrid technique, design

parameters were developed that could be used to build and operate a low power
micropump capable of being integrated with CMOS control and rf communication
circuitry using MEMS fabrication and packaging technology. It is also desirable to have
a device that has high reliability and is able to be mass produced so that it is disposable or
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single use. Some of the key issues that were addressed in the study include scaling the
pump mechanism, physical design of the pump and stability of operation.

Design

considerations included scaling of the ion exchange chambers, electrodes and ion
exchange membrane, and mechanical support for the ion exchange membrane [1].
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Chapter 2

Theory
2.1 Micropumps
An actuation mechanism based on electro-osmosis could be used as part of a
micropump containing check valves or could be ganged together to create a peristaltic
pump. A check valve is a device that preferentially allows fluid to flow one way. A
peristaltic pump uses a squeezing motion of rollers or diaphragms to move fluid through
it. On a micro scale a series of oscillating membranes may be used to force fluid to flow
through a channel in a similar manner. See Figure 1 for a diagram of peristaltic motion
and Figure 2 for a diagram of a check valve pump.

4

Figure 1. Peristaltic Motion is shown. As the membrane positions are cycled, the fluid
is squeezed through the white channel in the direction of the arrows. Fluid is only
delivered 50% of the time.

5

Figure 2. A single chamber pump is shown with check valve arrangement. In A the
pump membrane raises allowing fluid to enter the chamber. In B and C the membrane is
lowered which forces the fluid out of the chamber in the direction of the arrow. In D the
cycle starts over as the membrane rises and allows fluid to again enter the chamber. The
check valves only allow fluid to flow one way. This setup also delivers 50% of the time,
unless two of them are operated in parallel.
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2.2 Electro-osmotic Actuated Micropump
Uhlig reported a macro scale pumping mechanism that has low power
requirements and controllable, variable flow, but requires valves and a switching matrix
[1]. The pumping mechanism was demonstrated with an electro-osmotic test cell that
was constructed using Ag/AgCl electrodes, NaCl(aq) electrolyte and a Nafion cation
exchange membrane. Fluid was pumped back and forth across the membrane using a
constant current source that was periodically switched in polarity. A constant current
source was used because the volume of the transported fluid is proportional to the
current.
In the above work, silver/ silver chloride electrodes were used so that charge
transfer could occur without gas evolution. Nafion allows hydrated sodium cations to
pass through it and rejects anions. As the hydrated sodium ions travel through the
membrane, the volume in one half cell increases while the volume in the other half cell
decreases.
It was reported that with 1N sodium chloride, 0.6 uL/min of fluid was transported
with a 10 mA current. Resulting energy requirements for fluid transport were 6.39E-2
J/uL, and the mechanism had the ability to pump against a pressure gradient up to 52 cm
Hg. The low energy requirements of this system make it ideal for a situation such as
implantation where long battery life is required. [1].
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2.3 Electro-osmosis
An electro-osmotic cell consists of two half cells separated by a cation exchange
membrane. A cation exchange membrane only allows positive ions and polar solvents to
travel through it, while negative ions are mostly rejected. The half cells are filled with an
electrolyte solution such as NaCl and have metal electrodes which are connected to an
external power supply, as shown in Figure 3.

Figure 3. Electro-Osmotic Cell, adapted from Uhlig [1]. An applied constant current is
maintained by chemical reactions and charge transfer at the electrodes, charge movement
within the solution and movement of positive charge through the membrane. Cations
traveling through the membrane are hydrated, resulting in a net movement of water from
one side to another.
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When operated with the displayed polarity, hydrated sodium ions will migrate towards
the cathode and chloride ions will migrate towards the anode. Since the two half cells are
separated by a cation exchange membrane, only hydrated sodium ions will travel through
the membrane to the other side, causing the fluid levels in the individual half cells to
change If silver/silver chloride electrodes are used, charge transfer will occur at the
electrodes as silver chloride is either created or consumed. Greater detail can be found in
Section 2.4.

As long as the voltage is kept low and there are sufficient reactants

available, no gas formation will occur. If a constant current source is used, the voltage
will gradually increase as reactants are consumed.

If all of the silver chloride is

consumed, electron transfer due to that reaction will stop and the voltage will rapidly rise
until another reaction starts. Assuming no contamination of the system, the electrolysis
of water and release of hydrogen gas would commence.

Additionally since the

membrane does not allow the negative chloride ions to pass, a point may be reached
when the solution is depleted of ions and current flow will stop. This will depend on the
available solution volume and concentration.
When the polarity is reversed, ion travel will proceed in the opposite direction.
During operation each sodium ion will pull water molecules through the membrane,
resulting in an increase in volume on the cathode side. Water travels with the sodium
ions because it interacts with positive ions as displayed in Figure 4. The water molecules
are neutral overall and have a polarity that results from their atomic arrangement. The
negative sides of the water molecules are attracted to the positive ions allowing them to
travel with the moving ions [1].

9

Figure 4. Positive Ion Surrounded by Four Water Molecules [7].

2.4 Electrochemistry
The proposed work to develop a micropump mechanism will rely heavily on the
principals of electrochemistry.

The mechanism involves using an ion selective

membrane to separate an electrochemical cell into two parts. Each side has an electrode
and is filled with an ionic solution. During operation, an electric field will cause charge
and water to flow through the membrane resulting in a net flow of fluid from one side to
the other. In order to understand the mechanism and choice of design parameters, it is
important to review the underlying electrochemistry and relevant background literature.
A sodium chloride solution contains sodium and chloride ions that have
dissociated in water. Since the ions carry a charge, they are able to move in response to
an electric field. This movement of ions is referred to as migration or drift.
Electrodes in an electrochemical cell can be characterized as polarizable and nonpolarizable. With polarizable electrodes, no reaction will occur at the electrodes during
operation of the cell and ions will tend to build up at the electrode surfaces, similar to a
charging capacitor. Platinum electrodes are typically polarizable. With non-polarizable
electrodes, electrode reactions occur and charge is transferred. Since charge transfer is
taking place there is no charge build up and the system behaves like a resistor.
10

Silver/silver chloride electrodes are non-polarizable, assuming they are not operated in a
reaction rate limited regime. Actual systems may have both capacitive and resistive
components, depending on how they are operated. When an electric field is applied to a
solution the potential will vary as you travel from one electrode to the other as seen in
Figure 5. The largest potential drops will occur at the electrode-solution interfaces and
any remaining drop will occur over the solution. In the situation where a membrane such
as Nafion is placed between the electrodes, there will be a different potential drop over
the membrane as seen in Figure 6 [1,3].
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Figure 5. Potential variation in solution between two electrodes. The actual profile will
depend on cell design and operation. Adapted from Bockris [3].
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Figure 6. Potential Variation between two electrodes with Nafion membrane.

Various reactions including electrolysis of water can occur in an electrochemical
cell depending on the solution composition, electrode composition and operating voltage.
For example, if sodium chloride solution is used as an electrolyte and if the electrodes are
biased high enough, two reactions occur. At the cathode water molecules are reduced
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resulting in the formation of hydrogen gas at an electrode potential of -0.83V as shown in
Equation 1. [4].

2 H2O + 2 e- → H2 + 2 OH-

(1)

At the anode chlorine ions are oxidized resulting in the formation of chlorine gas at an
electrode potential of 1.36V [4].

2 Cl- → Cl2 + 2 e-

(2)

Electrons exchanged to or from the electrodes are responsible for external current. In a
solution containing chloride ions, a silver/silver chloride electrode will react and either
form or consume silver chloride, depending on the polarity. One method of forming
silver chloride is to place a silver electrode in a chloride ion containing solution and bias
the electrode positive relative to the counter electrode. Since the electrode is more
positive, the negative chloride ions will be attracted to and react with the silver to
produce silver chloride (AgCl) and release an electron.
The over-potential (η) refers to the voltage required to cause the reaction to occur
and current to flow.

Silver chloride has a low over-potential (0.22V) and electron

transfer will occur below the point where electrolysis of water occurs. Using a chloride
solution, silver chloride will be reduced at the cathode resulting in the formation of silver
and chlorine ions.

AgCl + e- → Ag + Cl-

(3)
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At the anode silver will combine with chlorine ions to form silver chloride and free
electrons.

Ag + Cl- → AgCl + e-

(4)

In both cases no gas formation will occur at the electrodes in constant current mode, if
the voltage is kept below the point where electrolysis of water occurs. Since the reaction
is reversible and can be operated without gas formation, the setup is suitable for an
enclosed system where the polarity between two opposing electrodes is indefinitely
cycled [1, 3].

2.5 Ion Transport in a Solution
Two factors controlling ion motion in solution are conduction and diffusion. When a
substance is dissolved in solution it dissociates into positive and negative ions. When an
electric field is applied to the solution, both types of ions will move and conduct current.
The direction of motion will depend on whether the ion is positive or negative. In a bulk
sodium chloride solution, sodium and chlorine ions have different mobility.
When a concentration gradient is present, a diffusion based flux of ions can occur.
The diffusion flux will depend on the diffusion coefficient and the concentration gradient.
The total flux Ji is the sum of the conduction flux and the diffusion flux.

Ji=(tiIT)/( ziF) – (Di)dci/dx

(5)
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Where ti is the transport number for the ion of interest, It is the total current due to
conduction, zi is the valency of the ion, F is the Faraday constant, Di is the diffusion
coefficient and dci/dx is the concentration gradient. [3]

2.6 Concentration Polarization
Concentration polarization refers to the situation where a boundary layer in a
solution has a different concentration than the bulk solution as in Figure 7. Concentration
polarization can occur near a current sink in a solution when ions are lost at a greater rate
than they are replaced by drift and diffusion forces. Examples include the electrodesolution interface as well as the membrane-solution interface near an ion exchange
membrane. These interfaces may also be referred to as boundary layers or diffusion
layers. The thickness of these layers will depend on whether the solution is flowing or
stagnant. As voltage is increased, current will increase to a point referred to as the
limiting current and then level off. A limiting current occurs when the ion concentration
reaches zero near one of these interfaces. [5].
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Figure 7. Ion concentration versus Distance near a Nafion Membrane. Concentration is
reduced on the left side of the membrane with given polarities. Directions of ion motion
indicated by arrows. Concentration polarization also occurs near the electrodes but is not
illustrated here. The bulk concentration on the two sides is different because the ions pull
some water with them as they are transported across the membrane, thus upsetting the
solution concentrations. Adapted from Kim [6].

In a system with concentration polarization, the current density versus voltage
plot will show three distinct regions as in Figure 8. The exact shape of the curve and the
onset of the various regions will be system dependent. An initial ohmic region occurs for
17

lower voltages and current densities. As the limiting current density is reached, the slope
of the curve will change and result in a higher resistance. In the over-limiting region the
slope will again change and result in a lower resistance than the plateau region. The
over-limiting current is thought to be caused by an electro-convection mechanism that
disturbs the boundary layer near the membrane thus increasing the number of ions

Current (mA/cm2)

available at the membrane surface for transport. [7]

i

lim

Plateau Region
Ohmic Region

Overlimiting Region

Voltage (volts)
Figure 8. Current Density versus Voltage for a Nafion Membrane showing the ohmic,
plateau and over-limiting regions. Adapted from Balster [7].
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Limiting current density is highly dependent on the solution concentration.

As the

concentration increases, the limiting current will increase. The limiting current (ilim) is
typically expressed in mA/cm2 and is related to the diffusion layer width (δ) by the
following relation:

ilim = [FCbD]/[ δ (tim-tib)]

(6)

Where F is the Faraday constant, Cb is the bulk solution concentration, D is the diffusion
coefficient, tim is the transport number of the counter ion in the membrane and tib is the
transport number of the same ion, but in the bulk solution [5,8]. The counter ion in a
membrane refers to the ion that has a charge opposite to the fixed charge of the
membrane. In the case of Nafion, this would be a positively charged ion such as sodium.
In a scaled down system where size and energy use need to be minimized,
concentration polarization and the resulting limiting current should be carefully
considered. Using linear extrapolation of data presented in the Krol paper, the limiting
current density for the test cell is estimated to be 100mA/cm2, assuming 1N NaCl
solution.

Since this is greater than the current densities used in the test cell, it is likely

that operation is below the limiting current [5,8]. As a system is scaled down, the current
density may approach the limiting current and even end up in the plateau region. If this
occurs the system will be operating in a higher resistance region and consume more
energy. Some possible solutions to this issue would be to increase the limiting current by
using a higher concentration solution or an ion with a higher diffusion coefficient.
Increasing the solution concentration is probably the easiest of the techniques to
implement and could potentially double the limiting current by moving from a 1N to 2N
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solution. Increasing the diffusion coefficient by using another ion such as potassium
could increase the limiting current by about 17% [3]. Another technique would be to
reduce the diffusion layer width with a mixing mechanism. In a large scale system this
would be accomplished by allowing the solution to flow over the surface of the
membrane; unfortunately in an enclosed microsystem this would not be feasible.

2.7 Ion Selective Membranes
Nafion is a cation specific membrane that it manufactured by DuPont and
commonly used in fuel cells and electrochemical cells. It allows positive ions and polar
compounds to travel through it and rejects negative ions and non-polar compounds.
Factors affecting transfer through the membrane include concentration difference
(osmotic pressure), electric potential and hydro-static pressure. The membrane form
refers to the type of ions that it contains. Membranes are typically available in the H+ and
Na+ forms. Conversion to other forms may be accomplished by soaking in an appropriate
solution. Membranes starting in the dry form will expand upon hydration. Impurities in
the solution may precipitate in the membrane during use and reduce efficiency [9, 10,
11].
Nafion is a perfluorosulfonic acid/ PTFE copolymer. The dimensions of the
membrane are known to vary by over 10% with moisture content and pre-treatment
technique. Typical thicknesses range from 25-250 microns [12].
The general formula of Nafion is seen in Figure 9.
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[(CF2CF2)nCFCF2]x
│
(OCF2CF)mOCF2CF2SO3H
│
CF3
Figure 9. General Formula for Nafion. Adapted from Slade [13].

An important characteristic is the conductivity which will depend on the electrolyte used,
the temperature and pre-treatment. Nafion conductivity increases with temperature and
concentration [14].

Possible electrolytes other than NaCl typically exhibit lower

conductivity [15]. Nafion consists of a fluorocarbon backbone and ionic sulfonate sites.
The sulfonate sites are hydrophilic. Upon hydration, Nafion will also contain water and
cations which will reside in clusters within the Nafion. Clusters are interconnected with
channels. Cations are thought to move through the Nafion by transfer between sulfonate
sites as in Figure 10. Cluster and channel size will increase with hydration and facilitate
movement through the Nafion [13].
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Figure 10. Internal view of a single Nafion channel showing hydrated sodium ions (+)
residing near sulfonate sites (-) as well as free water (o). Hydrated ions are thought to
hop between sulfonate sites under an applied field. Additional free water is pushed
through by the hydrated ions. Dark lines represent the edges of the channels; open ends
represent access to other channels, clusters or external solution.

Some problems associated with using Nafion are the expansion after hydration
and the difficulty in bonding Nafion to other materials. Additionally it is a fragile
material that requires careful handling.

2.8 Water Self Diffusion
When two cells separated by a membrane have unequal concentrations of a
solution, osmosis will cause water to diffuse from the side with the greater water
concentration to the side with the lesser water concentration. The side with the greater
water concentration will be the side with the lower solution normality. Water will
continue to diffuse until the concentrations on each side are equal. This diffusion can be
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stopped by applying a pressure to the side that the water is diffusing towards equal to the
osmotic pressure. [4].
In ion exchange membranes water self diffusion can be characterized by a self
diffusion coefficient. The self diffusion coefficient will depend on the membrane type,
pre-treatment and the counter ion form. For the sodium form of Nafion 117, a water self
diffusion coefficient of 2.85E-6 cm2/s is reported along with a water uptake of 17.2 wt%.
[16] As a comparison, the self diffusion coefficient of pure water is 2.5E-5 cm2/s [16].
The water self diffusion coefficient will be proportional to the membrane’s water uptake.
Water self diffusion coefficients can be measured by including tritium tagged water in a
membrane, and then monitoring the rate at which the tagged water diffuses out as a
function of time. Using Fick’s second law, the water self diffusion coefficients can be
extracted [16].

2.9 Nafion Conductivity
Techniques for measuring conductivity in a material like Nafion typically involve
the use of four-probe measurements. In one variation all of the probes contact the surface
of the Nafion which has been applied to a flat surface, [9] while in another technique the
probes are placed very close to, but not touching the membrane which is in a bulk
solution [13]. The probes are typically made out of a material like platinum that will not
react or form compounds during the tests. For frequencies ranging from 0.1-20,000 Hz it
is reported that Nafion is purely resistive [9].

Actual conductivity will depend on

membrane type, pretreatment and ions present.
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This work used a two electrode system for simplicity. This did not allow direct
measurement of the membrane conductivity since any measurements with a two electrode
system will also include the impedance of the working electrodes and solution.
Membrane conductivity was estimated by taking the difference between measurements
with and without the membrane.

2.10 Nafion Reliability
Nafion is from a class of materials called polymer electrolyte membranes. Over
time a membrane can absorb contamination from its environment leading to a loss of
functionality. An important measure of membrane functionality is the conductivity of
positive ions (cations) through the membrane.

For the micropump this is critically

important because pumping depends on water flow through the membrane which is
caused by the flow of positive ions.
Certain cations will contaminate the membrane material and lead to conductivity
loss. Transition metal ions like iron, nickel and copper are large in size and have a
charge greater than one. During operation desirable ions in the membrane like sodium
are replaced by these contaminant ions due to the membrane’s higher affinity for those
more positively charged. Due to their larger size these ions will have a much lower
mobility in the membrane.
The amount of contaminant ions absorbed into a membrane will depend on the
concentration of the ions in the solution that contacts the membrane.

Part per million

concentrations of Fe3+, Ni2+ and Cu2+ in the solution can be nearly completely absorbed
during a 72 hours soak test. These levels of contamination can exponentially reduce
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conductivity of Nafion 117 from 0.077 S/cm to less than 0.010 S/cm. This exponential
decrease correlates to a contamination level within the membrane between 5 and 20
mg/cm3 [9].
Since the micropump will use very small volumes of solution, it is important to
eliminate contamination sources in the micropump housing, the fill solution and the
electrodes as well as handling during assembly.

2.11 Fluidic Filling
Complicated fluidic devices can be difficult to fill with aqueous solutions without
trapping air bubbles. Three primary methods are typically used for filling this type of
structure as well as the addition of surfactants to reduce surface tension. The first method
is to apply fluid to an opening on the fluidic device and allow surface tension to draw the
fluid in. Another technique is to force fluid in through a fill port. Both of these
techniques are known to result in either incomplete filling or bubble formation within the
structure [17]. A third technique is to submerse the structure to be filled in the fill
solution and then reduce the pressure over the solution by applying a vacuum. It is
reported that optimal filling of complex structures will occur at pressures below 125 Torr
for 10 minutes [17].
This technique is referred to as the channel outgas technique and can be used to
fill single port devices, hydrophilic devices and hydrophobic devices. The applied
vacuum of this technique allows both dissolved gases and bubbles to escape from the fill
port(s) as the gases expand and the solution boils. Upon return to atmosphere any voids
are replaced by fluid. The authors were able to fill 5cm by 5cm arrays of intersecting
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channels as small as 15 um tall by 20 um wide with a greater than 90% success rate at
void free filling. Serpentine channels over 20 cm long are capable of being filled by this
method [17].
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2.12 Silver/ Silver Chloride Electrode Formation
Silver/ Silver Chloride electrodes can be made of foil, machined from solid silver
or deposited on a starting substrate. In order to integrate the electrodes onto a silicon
wafer it is desirable to be able to deposit the silver on either a flat or textured surface.
Silver may be deposited by thermal or e-beam evaporation, sputtering or electroplating.
After deposition of silver, the electrodes are chlorided by either electrochemical or
chemical techniques to form silver/ silver chloride.

Since the micropump will be

operated by cycling an electro-osmotic cell, it is important that there be enough starting
material so that the electrodes do not become depleted during operation. The cycling of
the electrodes between silver and silver chloride results in a porous surface. The required
thickness of the silver and silver chloride layers will depend on the length of the half
cycles as well as the current. Both longer half cycles and higher current will consume
and form more silver and silver chloride, depending on the polarity of the electrode. See
Equations 3 and 4.
For ease of manufacturability it will be desirable to form the silver chloride on the
electrodes in situ, before final assembly. This could be accomplished by immersing the
electrodes in solution and then applying a current for the length of time required to form
the necessary amount of silver chloride. This would have to be done individually for
opposing electrodes and will need to be completed before final assembly.
The conductivity of a silver chloride layer will depend on its structure and if it is
measured dry, wet with DI water or wet with an electrolyte. In an electrochemical cell,
silver chloride is reported to form at the interface between the silver chloride and the
solution. Positive silver ions travel through channels that form in the silver chloride and
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react at the surface with chloride ions in the solution resulting in a porous film. For silver
chloride growth at a current density of 0.2 mA cm-2 in 0.1 mol dm-3 HCl, thickness is
linearly dependent on charge passed as measured up to 20 um of thickness with porosity
less than 1% [18].
When silver chloride is reduced, it becomes increasingly porous as the chloride
ions are lost and only metallic silver remains. As silver chloride is reduced, the structure
becomes increasingly dendritic in appearance; the thickness remains nearly constant
while the porosity approaches 60%.

Porosity does not depend on current density.

Particle size of the resulting silver is linearly dependent on the logarithm of the current
density between 0.2 and 3.2 mA cm-2 [18].
It is expected that when the micropump electrode polarities are cycled between
positive and negative, the surface porosity will increase with time. This has important
implications for thin film silver/ silver chloride electrode lifetimes. If the porosity were
to extend all of the way through the electrode, it could cause delamination of the film
from the substrate and failure of the device. It is important to select a starting electrode
thickness such that the steady state porosity will not extend all of the way through the
film.
Of additional concern with very small electrodes is that silver chloride is
somewhat soluble. It is possible for the silver chloride to completely dissolve which
would lead to gas formation on the electrodes during operation. If this were to become
an issue, NaCl solution that has been saturated with AgCl could be used [19].
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Chapter 3

Experimental

3.1 Objectives
The objective of this work was to develop design parameters that could be used to
build and operate a micropump with a packaged volume less than 0.5 cm3 (not including
the battery). Guidelines include low voltage operation, less than 100mJ of energy per
microliter pumped and a flow rate of 0-150nl/min. ± 1nl. The lifetime of the pump
should be 24 months, and the packaged pump should be capable of operating in a wet
environment.
It was hypothesized that the electrode current density, Nafion current density,
electrolyte chamber volume, Nafion type and the mass of the silver chloride (AgCl) on
the electrodes would be important design parameters.
Recommendations for the miniaturization and integration of the micropump were
developed. Measurements of Nafion water transport properties were used to determine
operating current requirements.

Recommendations for the minimization of energy

consumption is provided as related to chamber geometry. Possible explanations for
anomalous effects observed during experimentation were explored through simulation.
Experimental data was used to determine the water transport number for the
Nafion. From the water transport number, the necessary current was calculated since
pumping is directly proportional to current. Given the cycle time and the current, the
total charge transferred in a cycle was determined. The fluid reservoir should have
enough charge in it to last the entire cycle. Since a membrane potential will develop
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when a concentration difference occurs between two sides of a system, as shown by the
Nernst Equation below, it is beneficial to have excess ions on each side to prevent the
potential from rising too high. Potentials above 0.83V can cause gas formation [4]. To
provide latitude it is desirable to keep the potential below 0.5V.

V = (RT/F)ln[[A]/[B]]

(7)

R is the Universal gas constant (8.31 JK-1mol-1), T is the absolute temperature, F is the
Faraday constant (96,485 C/mol), [A] is the concentration on the A-side of the membrane
and [B] is the concentration on the B-side.
This potential will oppose ionic diffusion. The most controllable situation is
where the voltage varies linearly with concentration difference.

Given a starting

concentration for the solution, the results can be used to determine a minimum starting
chamber volume.
Given a required chamber volume, system energy use can be optimized for
different chamber designs. Guidance for chamber cross sectional area and chamber
thickness is provided.
Electrode current density and starting AgCl mass were determined from an
electrode experiment where current density and starting AgCl mass are varied in a
designed experiment. Experiment was performed in a beaker at a fixed distance, without
Nafion to isolate the effects of the electrodes.
The water self diffusion principle was used to model after flow and zero point
drift observed in experiments. An Excel model was developed using diffusion equations
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and compared to actual data from the test cell. Additional drift in the data was modeled
as test cell leakage.

3.2 Methods
Materials characterization was performed using variations of a two chamber test
cell consisting of two electrodes, two electrolyte chambers and a Nafion membrane.
Pump volume through a known cross sectional area was measured on a linear scale. The
test cell was operated with a constant current source since it was expected that the pump
rate would be proportional to the current.

During operation the pump was cycled

between a positive and negative current as intended in the final design.
Pretreatment of the membrane is intended to expand the membrane and convert it
from the proton form to the sodium form. This is accomplished by boiling in a 3% H2O2
solution for 1 hour and then soaking in a 2% NaOH solution for 30min. Finally the
membrane is soaked in the pumping solution for 1 hour, as recommended by the
manufacturer. For experiments requiring K+ cations, the potassium form of Nafion was
created by replacing the 2% NaOH with 2% KOH.

Membranes were rinsed in DI water

between solutions.
Pumping was observed in the test cell as the current was cycled positive and
negative.

Some anomalous behavior observed during pump experiments includes

leakage, drift, delayed start, delayed shutoff and environmental factors. These behaviors
were explored experimentally and modeled, to determine possible causes.
For design parameters that could not be explored experimentally due to
limitations in the test setup, theoretical calculations were performed and used as

31

guidelines. Specifically chamber volume, chamber geometry, electrode surface area and
Nafion surface area are difficult to vary in this setup. Key metrics were voltage rise,
power requirements and consistency of pumping.
The constant current source used a current mirror circuit with a variable resistor to
make fine current adjustments. The current was cycled between positive and negative
with a relay based switching circuit powered by a voltage signal generator. The relays
were used to change the connections to the test cell to re-route the current, effectively
making it positive or negative through the cell. The circuit diagram is shown in Figure
11.

Figure 11. Circuit diagram for the current source and switching circuit used to run the
test cell. The switching circuit is run by a 5V square wave produced on a function
generator (not shown).
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The relay based switching circuit was created to automatically switch the polarity
of the current between the half cycles and allow for very long measurements to be made
unattended as seen in Figure 12. Two single pole, double throw relays (Radio Shack
275-240 SPDT Micromini, 5VDC Relay) were set up in such a way that a 5 volt signal
generator could be used to control the current switching.

Iin-

Iin+

Iout+

Iin-

Iin+

Iout-

Iout-

Iout+

Figure 12. Relay based current switch. Left side of figure shows current output when
relays not energized. Right side shows how current is switched when the relays are
energized by the 5V signal. Switching frequency is determined by the frequency of the
signal generator.

Voltage was monitored with a digital volt meter and recorded in Excel during the
experiments. Fluid motion during experiments was recorded for later review via two
video recorders connected to a single computer.

Having both cameras on a single

computer ensured that the time stamps were synchronized and allowed determination of
pumping inconsistencies between the two sides of the pump. Fluid measurements were
accomplished by observing the fluid line in relation to a 0.5 mm scale printed on a high
resolution inkjet printer. With a 0.5mm inner diameter tube, 1mm of linear motion

33

represented approximately 0.2uL of volume. The error in reading the scale was estimated
at +/- 0.25mm or 0.05uL. The error was due to inconsistency in the shape of the fluid
front as well as parallax error as the fluid front moved across the field of the camera.
Linear motion was converted to volumetric flow, depending on the cross sectional area of
the tubing used. Test setup is shown in Figure 13.
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Figure 13. Illustration of test setup with video cameras to record fluid motion in tubing
and voltage recording software.
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Some experiments were performed with electrodes in a beaker of solution to
eliminate effects due to the enclosed volume and membrane separation. Experiments
characterized the voltage response for a constant current. The voltage characteristic is
important because it can be used to determine the energy consumption of the pump. The
mass per unit area of silver chloride on an electrode as well as the current density were
explored.
A test cell that allows for disassembly and reuse of some parts is shown in Figure
14. The machined electrodes were epoxied into recessed backing plates. The Nafion was
supported by acrylic spacers and the exposed surface area was determined by holes in the
spacer. The setup was sealed with silicone gaskets and bolted together. This test cell was
modeled after the one presented by Uhlig [1]. A disadvantage of this setup was that the
inside was not visible making it difficult to fill and detect internal bubbles. To detect an
incomplete fill, a continuity test was used after assembly; air pockets within the test cell
would result in open circuit readings. Electrode surface area was fixed and active Nafion
surface area was defined by the holes in the acrylic spacer.
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Figure 14. Acrylic test cell showing direction of fluid motion through Nafion with
displayed polarity. Test cell is clamped together with screws (not shown). Nafion is
supported with a plastic grid.

3.3 Laser fabrication
One technique for building a test cell is to use thin layers of laser cut plastic
assembled with pressure sensitive adhesive. Adhesive may be applied to the plastic
before laser cutting to allow for easy assembly. The plastic is typically Polyethylene
terephthalate (PET) and the adhesive is typically silicone or acrylic. Layout is done on a
computer using Corel Draw as required by the laser software.
After transferring a design to the system, a piece of plastic sheet stock is mounted
on the stage.

The laser then moves in the X and Y directions over the plastic as

controlled by the computer. The operator may program in laser spot size, speed and the
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number of passes. This will control the resolution and the energy delivered to the
sample. As the thickness of the sample is increased, the energy requirement to cut the
sample will increase.
Some concerns with this technique include sample warping, distortion, burning
and edge burr. Small features may become stuck and difficult to remove from the bulk of
the sample. These issues can be reduced or eliminated by optimizing the operating
parameters of the system for a particular material. The operating parameters as well as
the material being cut will determine edge quality.
A double-sided pressure sensitive adhesive may be applied to a sample before it is
cut. After cutting, the backing may be peeled off so that the part may be attached to
another part. By laminating several of these adhesive backed parts together, complex
three dimensional structures can be created. It is possible to make enclosed internal
channels and chambers that could be used for fluid flow, with external ports for the
introduction and removal of fluids. The advantage of this type of laminated structure for
fluidic work is that it is possible to see the fluid in the internal channels. This allows any
bubbles or voids in the fluid to be easily observed. Tubing may be attached to these
laminated structures using commercially available ports that can be attached with either
epoxy or double sided adhesive. Ports that accept standard syringes or luers are also
available.
The laser system available at Integrated Nano Technologies (INT) is made by
Universal Laser Systems, uses a CO2 laser and accepts designs from Corel Draw
software. The output of a CO2 laser is from 630nm to 680nm and the maximum power
output from this system is 50 watts.
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The main advantage of this technique is that many of the same parts can be
inexpensively fabricated in a relatively short time. Additionally the final product can be
made clear, which allows easy observation of the fluid and any voids or bubbles. The
disadvantage of this technique is that it is difficult to disassemble and reuse the parts.
Reuse of the silver electrode material is important due to the expense of this material.

3.4 Machined Silver Test Cell
The test cell similar to the one used by Uhlig [1] was developed so that it could be
taken apart and put back together with screws, allowing access to the electrodes and
Nafion. The back plates were made from laser cut ¼ inch Plexiglas, and the fluid
chambers were made of 20 mil translucent silicone rubber supplied by TWS Plastics.
Fluidic connections were made with the standard Nanoport fittings designed to accept
1/16 inch outer diameter tubing. The inner diameter of the tubing was 20 mils.
Two 0.25inch thick silver bars were machined to create the electrodes as in Figure
15. A simplified waffle pattern was used to create fluid chambers within the electrodes.
Two opposing silver electrodes with waffle patterns were designed to align with the
Nafion supports. Back plates were used to hold the entire setup together and are shown in
Figure.
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Figure 15. Single machined silver electrode used in all remaining experiments. Grey
areas are machined into the surface of a silver bar to create fluid channels and a Nafion
support structure. Darker circle is a thru hole so that fluid can flow out of the chambers
and into the tubing for measurement. Lighter areas are raised and indicate contact to the
Nafion. The dimensions of the electrodes were 0.875” by 0.875”. The channels were
1/16” wide by 1/32” deep. The through hole was 1/16” wide.

Figure 16. Single machined ¼ inch thick Plexiglas backing plate. Outer 4 holes are for
the clamping screws, smaller hole (1/16”) is for fluid and larger hole (1/4”) allows
electrical contact to the silver. Silver electrode from previous figure centers on the
Plexiglas backing plate so that small holes line up and allow fluid flow.

A Nafion support structure was used in the test cell to mask the Nafion and
clearly define the active surface area, such that the Nafion does not touch the electrode
and is not permanently attached. The support structure is surrounded by silicone gaskets
to obtain a large sealing surface. Without this support structure parts of the Nafion would
be in direct contact with the electrodes and it would not be known how much fluid is
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transported in these areas of direct contact. This setup allowed the direct placement of a
piece of Nafion in the test cell without a separate mount; the Nafion could be directly
mounted upon removal from the solution without drying. This minimized wrinkling that
occurs when Nafion is dried, mounted and then re-wet. A cutaway view is shown in
Figure .
Assembly of the test cell was simplified by laser cutting Plexiglas sidewalls that
were the same thickness as the electrodes and then epoxying them to the back plates in
such a way that the electrodes would fit in a recess. The electrodes were epoxied into the
recesses and back plates so that the electrodes were flush with the top of the recess. The
flush mounted silver electrode is illustrated in Figure 18. Internal components of the test
cell are pictured in Figure 19, and fully assembled test cell is shown in Figure 20.

Figure 17. Cutaway view of test cell. Top Plate and Upper Gasket are removed for
clarity.

41

Figure 18. Machined silver electrode flush mounted in Plexiglas. Channels in silver
form electrolyte chamber, small through hole allows fluidic connection and larger outer
holes allow for clamping. Discoloration on silver is AgCl. Sealing is accomplished with
a flat silicone gasket that surrounds the electrode and spacer (not shown).

An incomplete fluid fill was detected by measuring the resistance of the test cell;
a typical resistance would be less than 30 ohms.

A vacuum fill technique was

implemented and found to produce the most reliable filling of the test cell. A small
plastic vacuum chamber was set up with an Edwards E2M2 vacuum pump. The base
pressure for the vacuum pump was 60mTorr. The test cell was placed in a beaker of
sodium chloride solution and loaded into the vacuum chamber. The setup was pumped
down to the base pressure so that the solution was allowed to boil and then left to boil for
5 minutes. This technique provided a reliable test cell fill that was used for all of the
work to follow.
Measurement of fluid motion was accomplished with a millimeter scale. One
millimeter on the scale yielded approximately 0.2uL of fluid. The test cell was mounted
horizontally so that it was not pumping against any pressure.
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Figure 19. Internal components of test cell. Top of figure shows flush mounted
machined electrodes, center shows spacers for mounting Nafion and bottom shows
silicone gasket material. Nafion goes between the two spacers and the spacers contact an
electrode on one side.
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Figure 20. Assembled test cell is displayed. The bulk silver electrode is the light colored
metal square in the center. The back wires are for the back electrical connection and
thermocouple. The front electrical connection is made at the opening to the lower left of
the fluidic connection. Fluidic connections are made on both sides using commercially
available Nanoports by Upchurch Scientific. Volumetric measurements are made by
observing fluid motion in transparent tubing.

For some experiments a water column was added to apply pressure to the
membrane. Pressure in a water column is determined by the following formula:

P = ρgh

(8)

Where P is the pressure in N/m2 or Pa, ρ is the density of water at room temperature
(998kg/m3), g is gravity and h is the height of the fluid.
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3.5 Results

Figure 21. Volume Pumped versus Time. A 10mA drive current is allowed to flow for
10 minutes and then shut off. Pumping is in the A to B direction. Pumping continues to
occur 15 minutes after current is shut off. Volume is showed as an absolute value since
on one side volume is lost while on the other side volume is gained.

Some anomalies that were observed during testing were that pumping did not
start immediately, it was not linear and it was not consistent between the two sides.
Additionally it was observed that the fluid would continue to flow after the current was
shut off. When a 10mA drive current was applied for 10 minutes and then shut off, the
fluid was still flowing after 15 minutes as in Figure 21.
Some of the discrepancy between the two sides was likely due to leakage. After
assembly and filling of the test cell, it is important to let it set for several hours to verify
that it is not leaking. Additionally this allows any tension in the tubing to relax, further
improving the accuracy of the measurements.
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The temperature rise due to heating during operation of the test cell was measured with
standard insulated Type K thermocouples.

Temperature change over 1 hour of

continuous operation was about 0.5oC, and never more than the temperature variation in
the room. This shows that the test cell is not producing significant heating during
operation.

Recorded temperature changes are more likely to just be variations in

environmental conditions.

Figure 22. Volume pumped versus Time for a 4 minute half cycle, mounted horizontally.
Test showed 1 minute pumping delay and non-linearity.

A comparison was done between mounting the test cell horizontally and
vertically.

By mounting the test cell vertically, the mass of the fluid in the upper

chamber would push down on the membrane and prevent flexure during pumping. The
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horizontal setup is displayed in Figure 22, and the vertical setup which resulted in linear
pumping with no delay is seen in Figure 23.

Figure 23. Volume Pumped versus Time for a single 2 minute half cycle. Vertically
mounted test cell showed nearly immediate response and linear pumping.

As the polarity of the test cell was cycled in polarity, the resulting plot of the
volume pumped versus time appeared somewhat sinusoidal; the peaks and valleys were
rounded. It was expected that fluid flow would be more of a saw-tooth pattern since
pumping should be directly proportional to current flow; when the current changes
direction the fluid should immediately change direction. Additionally the first half cycle
always shows a greater pump rate than the following half cycles which are nearly
equivalent as in Figure 24. A full cycle consists of one positive half cycle of current flow
and one negative half cycle of current flow. For the first half cycle the volume pumped
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should increase linearly with time. For the second half cycle the volume pumped should
decrease linearly with time. The magnitude of the total volume pumped for each half
cycle was expected to be the same.

Figure 24. Volume Pumped versus Time for the A and the B sides as the pumping
direction is cycled forward and then reversed. Four full cycles are shown. Fluid never
returns to zero point.

It was observed that there is zero point drift in the data. Zero point drift occurs
when the test cell is run through many half cycles and the data drifts away from the
starting point. Physically this means that there is a higher flow in one direction than the
other. A net drift of fluid from one side of the test cell to the other occurs over time. The
drift occurs in the same direction that the fluid initially flows.
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3.6 After Flow and Zero Point Drift

To isolate the cause of the zero point drift after the test cell had been cycled
numerous times, a series of tests were done with a single half cycle of current followed
by a long wait without current. It had been previously observed that fluid flow continues
after current is shut off. The purpose of this series of tests was to determine if the after
flow was dependent on the operating current and if a lower operating current would
eliminate the effect.
In order to isolate the cause of the flow that occurs after the current is shut off,
(after flow) the test cell was run with a variety of currents ranging from 1mA to 16mA
for different times in order to pass 1.2 coulombs of charge. (The significance of 1.2C is
that it allowed easy comparison to previous tests that were done with 10mA for
120seconds.) All current levels showed after flow with a similar upward trend that
decays with time, as shown in Figure 25. Interestingly, the water transport number
appears to be inversely proportional to current; lower currents have a higher water
transport number.
Experiments showed significant fluid flow after the current was shut off that
appeared to decay exponentially. It was also found that this effect was not directionally
dependent; it occurred if the pumping was started from A to B or B to A. Long term
cycling of the test cell showed that the zero point drift also had an exponential decay.

49

Figure 25. Volume pumped versus time for single half cycle currents ranging from
1-16mA. Current is run until 1.2C of charge is passed and then stopped at Time Zero
(-1200 to 0 seconds). Fluid flow is observed for 1 hour after current flow stops (0 to
3600 seconds).

One theory for the after flow is that the small diameter tubing or the surface
tension may be restricting the flow so that pressure builds up within the test cell. The
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after flow could just be the gradual release of that built up pressure. Since different
tubing sizes and surfaces will cause a different pressure drop while the fluid is flowing, it
was theorized that the different tubing may result in different amounts of after flow.
Experiments were performed with different types of tubing and different inner diameters.
The tubing types were Radel and FEP (Teflon) to compare hydrophilic to hydrophobic
surfaces. The tubing inner diameters ranged from 0.5 mm to 1 mm. Also compared was
50um thick (Nafion 112) and 125um thick (Nafion 115) Nafion, to eliminate any
contribution from membrane thickness. The data summarized in the Table 1 do not show
any trends regarding tubing size, tubing material or Nafion thickness. It is concluded that
for the ranges studied, these parameters do not affect after flow.

Table 3. Summary of Tubing Experiments showing After Flow in microliters. Each data
point represents a single test.
1mA

4mA

16mA

0.50mm Teflon with Thin Nafion

3.91

3.63

4.3

0.75mm Teflon with Thin Nafion

3.55

3.69

3.55

1.00mm Teflon with Thin Nafion

n/a

n/a

4.22

0.75mm Radel with Thin Nafion

n/a

n/a

3.58

0.75mm Teflon with Thick Nafion

3.14

n/a

n/a

Sodium chloride solution was compared to potassium chloride solution to
determine if the difference in mobility between the positive ions would affect after flow.
It is known that sodium and chlorine ions have different mobilities in solution while
potassium and chlorine have similar mobilities in solution. It had been theorized that the
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difference in mobilities was causing the system to hold a charge. After current was shut
off that charge could slowly discharge, causing the after flow. Since the mobilities in the
KCl solution were similar, it was possible that there may not be any pumping after
current was shut off. While there was a difference in water transport number between the
two types of solution, there was significant after flow for both solutions. The potassium
solution showed less pumping because the water transport number is lower than that of
the sodium solution. Results are summarized in Table 2.

It is concluded that the

difference in ion mobility does not eliminate the after flow effect.

Table 4. Effects of Ionic Mobility on Pumping and After Flow.
represents a single test.

Each data point

1mA

4mA

16mA

Na+ Pumping

2.24

1.76

1.66

K+ Pumping

1.25

1.05

0.96

Na+ After Flow

1.65

1.69

2.04

K+ After Flow

0.96

0.99

1.05

After flow is caused by an effect that is difficult to directly measure with the test
cell. During operation it is known that osmotic pressure will build up because the
concentrations of the two half cells will vary. Osmotic pressure will cause water to
diffuse through the membrane until the concentration difference is eliminated. Since
there was no way to accurately measure concentrations in the test cell, simulation of the
concentration differences and comparison to observed data was necessary.
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Given the preceding data from the test cell, a new theory was developed. In a 1N
solution there is 1 mole of solute for every liter of solution. When the current in the test
cell is flowing, the ions travelling through the membrane each carry about 4 water
molecules. The resulting water to sodium ratio of 4 to 1 is much lower than the ratio of
water to sodium in a 1N solution, about 60 to 1. Since the test cell is using a small
volume of solution it is relatively easy to upset the balance of concentrations between the
two sides of the test cell leading to an osmotic pressure. In order to maintain electroneutrality, the sodium ions will not diffuse back. Instead the water diffuses through the
membrane from the side with the lower solution concentration to the side with the higher
solution concentration. Alternately the water diffuses from the side with the greater
concentration of water to the side with the lower concentration of water. In literature this
is referred to as osmosis or self diffusion of water. The self diffusion coefficient of water
will depend on the type of counter ion in the Nafion and is expressed in cm2/s. A typical
value for Nafion that is used with sodium is 2.85x10-6 cm2/s [16].
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Chapter 4

Test Cell Simulation
4.1 Simulation Development
To gain greater understanding of the operation and scaling of the test cell,
computer simulation of test cell operation was done. This allowed effects to be singled
out and isolated for individual study. Some of the potential effects that were simulated
include external leakage from each side of the test cell, environmental heating and water
self diffusion due to osmotic pressure. Environmental heating proved to be only a small
effect on the operation of the test cell. Simulation of independent leakage from each side
of the test cell proved valuable and showed that some of the behavior of the test cell is
likely a result of different amounts of leakage from each side.

Direct leakage through a

hole was not likely, and therefore not simulated, because the flow did not depend on
gravity. The after flow was always in the direction of the initial flow, assuming that the
test cell had been left to equalize for a number of hours before commencing
measurement. Simulated flows are illustrated in Figure 26.
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Figure 26. Simulated flows with two chambers separated by a Nafion Membrane.
Arrows show direction of flow. Leakage out may be different for each side.

Simulations of self diffusion with an Excel Spreadsheet resemble the
experimental data. If a single half cycle is simulated, the fluid will flow after the current
is shut off. If many full cycles are simulated, the zero point will drift over time. This
means that there will be more flow in one direction than in the other direction.
Simulation also predicts the effects of starting concentration, cycle time and chamber
volume, and allows the exploration of alternate operating techniques that can be used to
manage this effect in small volume applications.
Simulation is only an approximation and some assumptions apply. First it is
assumed that the concentration on a particular side is uniform. In reality there will be
concentration gradients that form near the electrodes and the Nafion membrane during
the operation of the test cell as described in Section 2.6. On average there will be
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concentration differences between the two sides of the test cell. This simulation deals
with the difference in average concentration between the sides and not any localized
concentration gradients that may develop during operation. Second it is assumed that the
system is under equilibrium when performing diffusion calculations. Since current is
flowing and the concentration is constantly changing, the system is not actually under
equilibrium. By looking at small time intervals and assuming equilibrium for that time, a
reasonable approximation of pump behavior can be made. For this work the time interval
is 10 seconds. This means that after every 10 seconds of pumping, the concentration is
recalculated. After the concentration is recalculated, the amount of diffusion due to the
concentration difference is calculated, also for a time period of 10 seconds. The time is
incremented 10 seconds for the duration of the simulation. For the simulation of the
single half cycle, the current is allowed to flow for the duration of the half cycle and then
stopped.

The simulation continues showing after flow which results from the

concentration difference between the two sides. For the situation where the pumping is
cycled back and forth, the simulation continues for many half cycles. Parameters such as
current, starting concentration and diffusion coefficients can be varied to individually
study the effects.
The simulation was developed in spreadsheet form using Microsoft Excel. The
total number of charges transferred (Qtot) for a given time interval (t) and current (I) is
determined by equation:

Qtot = (t)(I)(6.25E18 charges per coulomb)

(97)
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By multiplying Qtot by the water transport number, the total number of water molecules
transferred across the membrane in a given time can be determined. The number of water
molecules transferred is then either added or subtracted to each side to determine the total
number of water molecules on each side. Given the total number of water molecules on a
side, the total mass of water MH2O on a side can be determined by multiplying the number
of water molecules on a side by the molecular weight of water and dividing by
Avogadro’s Number as follows:

MH2O = (# H20 on a side)(18.02g/mol) / (6.02E23 mol-1 )

(10)

The mass of sodium MNa on each side is then calculated by multiplying the number of
sodium ions on each side by the molecular weight of sodium and dividing by Avagadros
Number:

MNa = (# Na on a side)(22.99g/mol)/(6.02E23 mol-1)

(11)

Given the mass of sodium and water on each side, the mass percent of sodium can be
determined by dividing the mass of sodium on a side by the mass of water on a side.
Mass% can be converted to density in grams/cm3 using the following expression that was
developed using data that was tabulated in the CRC Handbook of Physics and Chemistry
[20]:

Density = ((0.0073)(mass%)+0.9975)

(12)
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Density versus Mass% was plotted and a line was fit to the data. Equation 13 represents
the equation for that line, with 0.0073 as the slope and 0.9975 as the intercept.
The total volume of solution on each side can be calculated by dividing the total
mass of the fluid on each side by the density of the fluid. Substituting into the following
equation yields the concentration of water CH2O on each side in mol/liter:

CH2O = (# H2O on a side)(1000) / [(6.02E23 mol-1 (V)]

(13)

The general form of Fick’s first law can be used to model diffusion over a
concentration gradient.

J = -D(∂ϕ/∂x)

(14)

J is the diffusion flux in (mol/m2.s), D is the diffusion coefficient in (m2/s), ϕ is the
concentration in (mol/m3) and x is the distance in (m).
Given the concentration of water on each side, the delta concentration ∆conc can be
determined and substituted into the Fick’s first law to calculate the number of water
molecules that flow (F) during a given time period due to the concentration difference.
For this work Fick’s law is expressed as follows to obtain the number flowed as opposed
to J in (mol/m2.s):

F = (∆time)(Dwater)(∆conc)(Am)(6.02E23 mol-1) / (tm)

(15)
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Where tm is the membrane thickness (distance that diffusion occurs over), Am is the
membrane surface area, Dwater is the self diffusion coefficient of water and ∆time is the
time interval. The amount that flows due the concentration difference is added to the
amount that is pumped with the current flow to give the total amount that has flowed after
each time interval. Results for a single half cycle of current, followed by no current,
display significant after flow as shown in Figure 27.
In addition to the other mechanisms discussed, pressure can cause fluid to flow
through a membrane. An osmotic pressure will develop when there is a concentration
difference. If the applied pressure is greater than the osmotic pressure, a net fluid flow
will occur. If pressure is applied with no osmotic pressure present, then fluid flow will
result. The osmotic pressure Π is approximated in the following:

Π = RT ∆conc

(16)

Where R is the gas constant (8.31 J/mol K), T is the absolute temperature and ∆conc is the
concentration difference in mol/liter. Volume flux is [volume/(area.time)]. The volume
flux V in (m/sec) is calculated with:

V = PHp

(17)

Where P is the applied pressure in kPa and Hp is the hydraulic permeability (1.7e-14
m4/Jsec) [10]. The volume flowed Vf in a given time is determined by:

Vf = (V)( ∆time )( Am)

(18)
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Where Am is the membrane surface area.

Figure 27. Simulation of Total Volume Pumped versus Time for 1 mA current. Current
flows for 1200 seconds and is then shut off. A water transport number of 11.5 and a self
diffusion coefficient of 4.3E-6 cm2/sec are used in the simulation. Fluid pumping
continues after the current is shut off in a similar manner to the actual measured data.
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Figure 28. Simulated and Measured Volume Pumped versus Time for 1mA/cm2 and
16mA/cm2 currents. The total charge transferred for each curve is 1.2C. Current is shut
off at time zero. Simulations assume average concentration on each side and do not take
into account any concentration gradients.

When simulated data and actual data are compared as in Figure 28, some
interesting details emerge. Assuming that the water self diffusion coefficient is constant;
the water transport number appears to be inversely proportional to current density. The
flow rate of the after flow is proportional to current. This likely occurs because higher
current densities will result in greater concentration differences across the membrane.
Lower current densities will have lower concentration differences across the membrane
because there is more time for diffusion to occur. Since the simulation is only using an
average concentration difference between the two sides, local concentration gradients
near the membrane can result in temporary enhanced diffusion of water across the
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membrane [21]. This is why the rate of after flow for the measured data is initially
greater for greater current densities.

The difference between average concentration

across the membrane that is simulated and the actual situation is illustrated in Figure 29.

Figure 29. Concentration Gradients. a) The average concentration is shown for each
side. b) Concentration gradients are illustrated. Concentration gradients will lead to a
greater concentration difference across the membrane, which will temporarily enhance
the osmotic pressure. Figures are not to scale and intended only to illustrate the concept.

As current flow alternates in the positive and negative directions, zero point drift
is observed. This means that the fluid never returns to its starting point even though the
same amount of charge flows in each direction. There is slightly more flow in one
direction than in the other. The direction of the greater flow is always in the same
direction that pumping initially starts, assuming the system is starting from an
equilibrium condition.

In a micropump application where there are small enclosed

volumes, this is an issue because it could lead to one side of the pump developing a
higher pressure than the other, possibly leading to pump failure. Actual and simulation of
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Volume Pumped versus Time for a 2 minute, 10 mA half cycle with a membrane area of
0.58cm2 is shown in Figure 30. The simulated data shows zero point drift similar to
actual measured data.
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Figure 30. Actual and Simulated Graphs for Long Cycling. Upper graph displays
measured Volume Pumped versus Time. Lower graph shows simulation of Volume
Pumped versus Time for a 2 minute, 10 mA half cycle with a membrane area of 0.58cm2.
A water transport number of 6 and a water self diffusion coefficient of 3e-6 cm2/sec is
used. The measured and simulated data show zero point drift. Measured data is not
continuous because it was only measured at certain intervals.
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Zero point drift is eliminated by starting pumping with an initial quarter cycle.
By also ending on a quarter cycle, the fluid is allowed to return to the starting point. This
mode of operation is also beneficial to the Ag/AgCl electrodes. It allows symmetrical
consumption and growth of the silver chloride, which leads to symmetrical power
consumption between the forward and reverse cycles. Simulation and actual data are
shown in Figure 31.
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Figure 31. Effect of Initial Quarter Cycle. Top graph shows measured data with an
initial quarter cycle. Lower graph shows simulation of an initial quarter cycle that results
in elimination of the zero point drift and symmetry of the forward and reverse cycles.
Small drift in measured data may be due to leakage.
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4.2 Electrode Experiments
In a test cell using 1N NaCl, Ag/AgCl electrodes and Nafion, the potential across
the cell will vary when running in constant current mode. The variation can have several
causes including variation in the concentration of the solution, variation in the thickness
of the silver chloride layer and side reactions. While some variation in potential is a
natural part of the cell operation, there are some situations that can cause the potential to
increase exponentially. One situation occurs when all or most of the silver chloride on
one of the electrodes is consumed. As the silver chloride is consumed to produce atomic
silver and chloride ions, the voltage will gradually rise. When a point is reached where
there is no longer enough AgCl to support the reaction and the accompanying electron
transfer, the voltage across the cell will rapidly increase until another reaction starts. In
this case the reaction could be the electrolysis of water which results in hydrogen gas
formation, assuming a pure system with no contaminants present. Similarly if one of the
half cells were to be depleted of ions, there would also be a rapid voltage rise. If there is
too much silver chloride, then the resistance of the system will increase and lead to higher
energy usage, additionally the silver chloride is very porous and can flake off if its
thickness is too great. Excessive current density is another reason that excessive voltage
rise can occur when operating in constant current mode. The current used to grow silver
chloride will affect the density of the layer. If a very low current density is used for the
initial growth, a dense layer will result and transport within the layer will be inhibited
during cycling leading to a high voltage situation and possible gas formation on the
electrodes.
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To determine the impact of starting mass for the silver chloride and the effects of
current density, a designed experiment was performed using 1cm2 Ag/AgCl electrodes
spaced 3mm apart in a beaker of 1N NaCl solution. The cycle current ranging from 1060mA/cm2 while the silver chloride starting mass ranging from 1.25 times to 3 times the
amount consumed in a single half cycle. A lower limit of 1.25x for the starting mass of
the silver chloride was chosen to provide sufficient latitude against gas formation. If the
system was operated such that all of the silver chloride was consumed during the half
cycle, the voltage rise would be exponential near the end of the cycle which is unstable; it
is better to keep the voltage rise linear. All starting silver chloride was grown with
10mA, the half cycle time was 10 seconds and the number of cycles was 30.

68

Figure 32. Prediction profilers from designed experiment. The Mean values represent the
mean voltage rise and the STDV% values represent the percent standard deviation of the
voltage rise. Optimal starting mass is 1.25 times the amount consumed during a half
cycle and voltage rises linearly with current density over the range 10-60 mA/cm2.

The voltages in the experiment are averages of the magnitude over 30 cycles each lasting
10 seconds. The prediction profilers are included in Figure 32. As the red vertical line
on the Starting Mass side is varied from 1.25x to 3x, the resulting Voltage rise and
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Standard Deviation for the Cycle Current Midpoint is displayed. The best starting mass
for the silver chloride was 1.25 times the amount consumed during a half cycle. In
constant current mode this will lead to the lowest voltage rise and standard deviation. In
the range from 10-60 mA/cm2, the voltage increases linearly.

The optimal current

density of 10mA/cm2 of will provide the lowest voltage rise and standard deviation.
Since the voltage varies linearly with current, the data can be plotted and fitted
with a line. Using the slope of the line and the intercept, the voltage can be predicted if
the current is known. When the effects of solution resistance are eliminated the charge
transfer potential V can be calculated from the following formula where I is the current
density in mA/cm2:

V = 2.96I + 24.067

(19)

The above calculation is also used in the pump design calculator to determine energy use
for the pump.
In summary, minimizing the current density and silver chloride starting mass will
yield less voltage variability. The current voltage relation is ohmic.
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Chapter 5

Design Guidelines

The goal of this work is to develop guidelines that could be used to design and
operate an electro-osmotic micropump. The key component to this type of device is the
ion selective membrane. Nafion was used for this work, but types of ion selective
membranes are also manufactured. The key property of an ion selective membrane that
makes it ideal for this application is its ability to be selectively conductive to hydrated
positive ions while rejecting negative ions. The net result of this is that an electrical
current can be used to pump fluid from one side of a membrane to the other. In this
work, sodium chloride solution is used. The number of water molecules that accompany
a hydrated ion is referred to as the water transport number. Since water transport is
directly proportional to current, it is relatively easy to do a first order calculation of water
transport number, given a measured volume pumped. Given the current I and time t, the
total number of charges (Qtot) that pass through the membrane can be determined by
Equation 9.
Given a measured amount of fluid pumped, the number of water molecules that
flowed (F) can be estimated as follows:

F = (3.34E16 water molecules/nL)(Vf)

(20)

Vf is the volume in nL that flowed. The water transport number (T) is then estimated:
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T = (F) / (Qtot)

(21)

The water transport number can be confounded with the osmotic pressure that
builds up due to concentration differences. For a given concentration difference it may
appear to be enhanced or reduced, depending on direction.
A pump design worksheet has been developed in Excel to show how the various
inputs affect pump operation and scaling. The inputs include volume pumped per half
cycle (Vh), maximum volume pumped (Vmax), starting concentration (Cs), water transport
number (T), Nafion surface area (Am), Nafion thickness (tm) and chamber volume (Vc).
Solution resistivity is determined from starting concentration as in Tanaka [22]. A
Nafion resistivity of 29 ohm-cm for the sodium form is assumed. The outputs of the
worksheet include the number of charges transferred in a half cycle, the required current
to obtain the desired volume, the current density in the Nafion, the mass of the AgCl
consumed and the AgCl thickness needed to get the required chamber volume.
Two possible variations on pump design are included in the simulations. In the
design referred to as the linear pump, the fluid flow is parallel to the lower surface or
substrate. In the planar pump, the fluid flow is perpendicular to the lower surface.
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Figure 33. Comparison of Pump Designs. Lower figure shows linear pump where fluid
flows left to right through Nafion. Upper figure shows planar pump where fluid flows
top to bottom through Nafion.

Design calculators for both linear and planar pumps are included. A planar pump
design makes use of a layered approach where upper and lower electrolyte chambers are
separated by a Nafion membrane. A linear pump design places the electrolyte chambers
side by side on the same plane with Nafion in between. Both pumps are shown in Figure
33. An integration issue with the planar pump is that it may be difficult to apply and seal
a piece of Nafion without wrinkles. An issue with the linear pump is that the Nafion will
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have to be cast. The resulting cast Nafion will have to be thick and narrow to keep the
resistance and energy usage low.
The pump design worksheet then analyses energy use. The energy use of the
micropump is important because it may need to operate remotely for long periods of
time. Careful optimization of the energy use will maximize battery life. One factor
affecting energy use is the membrane potential that develops during operation as the
concentration difference increases.
At first the membrane potential will increase linearly; later it will increase
exponentially. The exponential region of the curve is not a desirable region to operate in
due to the instability of the voltage. If the voltage were allowed to rapidly rise, energy
use would increase, possibly causing electrolysis and hydrogen evolution which would
ruin the pump. For the purpose of this work, operation is restricted to the linear region of
the curve.

Membrane potential V may be calculated using Equation 7. Assuming

operation in the linear mode and zero starting membrane potential, the average potential
is the maximum potential divided by 2. An example of Membrane Potential versus Time
is shown in Figure 34.
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Figure 34. Membrane Potential versus Time for a Nafion Membrane.

The solution resistance will depend on the geometry of the chamber and the
solution resistivity. For these calculations the chambers are assumed to be rectangular.
The solution ionic resistance R is determined by equation:

R = ρL/A

(22)

A is the cross sectional area, L is the distance the current travels and ρ is the solution
ionic resistivity.

The Nafion resistance is similarly determined using the Nafion

dimensions and resistivity.
The electrode charge transfer resistance is estimated from Equation 19 from data
obtained in the electrode experiment.
Energy use is then determined in J/nl for one set of half cells. A four chamber
peristaltic pump would require two sets of half cells, doubling the energy requirement.
Since a four chamber peristaltic pump will only deliver fluid half of the time, the energy
requirement is doubled again. The final energy requirement for a four chamber peristaltic
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pump is 4 times that of a single set of half cells. An advantage of a four chamber
peristaltic pump is that the fabrication of a miniaturized version is relatively simple. In
contrast a single set of half cells operating in parallel would be 4 times as efficient but
would require a potentially complicated fabrication of check valves to ensure that the
fluid travels in the desired direction. An additional benefit of operating a single set of
half cells in parallel is that less fabrication space would be required. When designing the
actual miniaturized pump, the fabrication complexity will have to be weighed against
enhancements in energy efficiency.
Simulated energy requirements for the planer design are shown for various
situations in Figures 35-38. In the case of the fixed electrode surface area, 0.16cm2 was
arbitrarily chosen as something that would easily fit on a 1cm2 silicon chip.

Figure 35. Effects of Scaling. Assuming a fixed electrode area, as the volume is scaled
larger; energy use will actually increase because the distance between electrodes will
increase.
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Figure 36. Effects of Water Transport Number. A large improvement in energy use is
obtained by doubling the water transport number from 4 to 8. A typical water transport
number from the test cell is 4. This allows each ion to carry more water molecules and
cuts the required current in half.

Figure 37. Effects of Electrode Scaling. It is possible to scale the electrode size
independent of the Nafion. When this occurs, energy use improvements are observed.
The electrode size can be greater than the Nafion size by introducing texture to the
electrodes.
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Figure 38. Effects of Simultaneous Scaling of Electrodes and Nafion. As the electrodes
and Nafion are scaled down in size together, energy use increases.

In the planer design no significant improvement in energy use is obtained by
doubling the solution concentration from 1N to 2N.

This is because most of the

inefficiencies in the system are in electrode charge transfer and Nafion resistance. A
large improvement in energy use is obtained by doubling the water transport number
from 4 to 8. This would allow each ion to carry more water molecules and would cut the
required current in half. While in practice it may be difficult to double the transport
number, a 50% improvement could be obtained using lithium chloride instead of sodium
chloride [15]. Additional improvement may be possible through use of a different
membrane or careful optimization of the pretreatment conditions. Little difference in
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energy consumption is seen in scaling the chamber volume from 15-150nL. The lower
limit is about 15nL to ensure that there are enough ions present to complete an entire half
cycle. As the volume is scaled larger, energy use will actually increase because the
distance between electrodes will increase. As the electrodes and Nafion are scaled down
in size together, energy use increases. It is possible to scale the electrode size down
independent of the Nafion. When this occurs, energy use improvements are observed.
The electrode size can be greater than the Nafion size by introducing texture to the
electrodes.
In these plots the lower values of Nafion surface area are intentionally excluded
because they would lead to a voltage rise above 0.5V and cause a situation where gas
formation could occur. The lowest displayed Nafion surface areas represent the limits to
downward scaling, depending on the other design parameters present.
Simulated energy requirements for the linear design are shown for various
situations in Figures 39-41. As in the case of the planer design, increasing the water
transport number significantly improves energy use. No significant improvement in
energy use is seen from doubling the solution concentration. At 1mm2 it is only 10%,
while in larger areas it is less than 1%. In this design it is also possible to vary electrode
area and Nafion area independently by adding texture to the electrode surface.
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Figure 39. Effects of Transport Number. As in the case of the planer design, increasing
the water transport number significantly improves energy use.

Figure 40. Effects of Solution Concentration. A relatively small improvement in energy
use is seen from doubling the solution concentration.
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Figure 41. Effects of Electrode Surface Area. In this design it is also possible to vary
electrode area and Nafion area independently by adding texture to the electrode surface.
It is assumed that the solution resistance will increase as the electrode area increases
while the volume is held constant, due to geometrical constraints.

Energy efficiency could be increased by using an ion selective membrane with a
higher water transport number.

A greater water transport number would allow the

required current to be reduced. For example if the water transport number were doubled
from 4 to 8, the current and resulting energy use would be reduced. One issue is that a
thinner membrane may be required to improve the transport number. With a thinner
membrane, problems with membrane flexing could occur. Another way to increase the
transport number close to 50% is to use a different type of solution than sodium chloride,
such as lithium chloride [15].
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Design guidelines will cover a range of values and are best presented as a design
window along with a few starting assumptions. One of the design requirements is that
the micropump be capable of pumping between 1 and 150 nl/min. This means that a
single half cycle should have a 1 nl volume. The maximum of 150 means that the pump
should be capable of 150 half cycles per minute or a half cycle time of 0.4 seconds. A
starting concentration of sodium chloride of 1N is used because it was reported in Uhlig
that this resulted in the greatest water transport number [1]. A water transport number of
4 was measured experimentally in our test cell for a 150 micron thick Nafion membrane.
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Chapter 6

Summary of Design Parameters

The design parameters for the micropump are based on a few assumptions. The
first is that the flow rate will range from 1-150 nL/minute, with each half cycle delivering
1 nL. Also assumed is that the water transport number is 4 and the starting concentration
of the solution is 1N. It is desirable to keep the voltage below 0.5V to prevent gas
formation and the energy use below 3E-4 J/nL. A solution resistivity of 11.67 ohm-cm
and a membrane resistivity of 29 ohm-cm are assumed. These parameters may be varied
in the design spreadsheet if these areas need to be explored further.

Figure 42. Planar Design. Variation of Energy Requirement with Nafion Surface Area
and Chamber Volume for a fixed Electrode Surface Area of 0.16cm2.
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Figure 43. Linear Design. Energy Requirement for Nafion and Electrode Surface Area
Variations.

Figures 42-43 show surface plots for the planar and linear designs. For the planar
design, the Nafion surface area and chamber volume have the greatest effect on energy
usage. A Nafion surface area above 4mm2 and a chamber volume between 15 and 150
nL will result in energy requirements below 3E-4 J/nL.
In the linear design, the Nafion and electrode surface areas have the greatest effect
on energy usage. For the linear design a Nafion surface area greater than 7mm2 and an
electrode surface area greater than 8mm2.
The largest factors affecting energy use are the membrane resistance and the
charge transfer resistance at the electrodes. For the planer design the membrane potential
and the solution resistance can be minimized by keeping the solution volume in the 15150 nL range. If the solution volume is too high, the electrodes will have to be placed
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farther apart which will lead to higher solution resistance. (This will depend on design as
auxiliary solution chambers could be added.) In a situation where the solution volume is
less than 15nL, the membrane potential will go over 0.5V. Very little benefit can be
obtained by scaling the Nafion surface area above about 8 mm2, while scaling below 2
mm2 results in sharp increases in energy use. Electrode surface area is best greater than
16 mm2, possibly requiring a textured or 3-dimensional structure to maximize surface
area.
In the linear design, fluid flows back and forth on a single plane, requiring the
Nafion to be cast on the surface of the wafer. In order to maximize the Nafion surface
area, the Nafion either has to be long or thick. Length can be increased by using either a
serpentine structure or interlocking fingers. The minimum Nafion surface area needs to
be 2 mm2. Again, not much is gained by scaling larger than 8 mm2. The electrode area is
also best above 16mm2.
For both the planer and linear designs, doubling the water transport number will
cut the energy use by about 50%. Doubling the solution concentration only produces
small gains since most of the energy loss occurs at the membrane and electrodes.
The best architecture for energy use minimization would be to have two check
valve pumps running in parallel off of a single electro-osmotic cell. The best situation for
ease of manufacture would be a four chamber peristaltic pump which would require 2
electro-osmotic pumps and use about 4 times as much energy as the check valve design.
Design Parameters are summarized in Table 3. Displayed volumes for pump mechanism
are stated assuming that 0.5mm silicon wafers are used for the substrates and that there is
0.5mm of supporting silicon around the perimeter of a device.
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Table 3. Summary of Design Parameters for the Planar and Linear pump models.

Current (mA)
Required thickness of Ag (A)
Nafion current density (mA/cm2)
Electrode current density (mA/cm2)
Nafion surface area (cm2)
Electrode surface area (cm2)
Nafion thickness (cm)
Chamber volume (ul)
Chamber Thickness (um)
Nafion Length (cm)
Nafion height and chamber thickness (cm)
Chamber width (cm)
Operation Voltage (V)
Instantaneous power for one set of half cells (W)
Energy (J/nl) for one set of half cells (2 check valve
pumps in parallel)
Energy (J/nl) for two sets of half cells
Energy (J/nL) for a 4 chamber peristaltic (only
delivers half the time)
Size of single electro-osmotic pump mechanism with
supporting structure (cm3)

Planar Pump
3.34
89
20.9
20.9
0.06
0.06
0.015
0.15
25
na
na
na
0.217
7.24E-04
2.90E-04

Linear Pump
3.34
179
46.5
41.8
0.072
0.08
0.015
0.015
na
0.8
0.09
0.1
0.222
7.43E-04
2.97E-04

5.79E-04
1.16E-03

5.95E-04
1.19E-03

0.012

0.177
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Chapter 7

Conclusions

An electro-osmotic test cell was developed and tested to characterize pumping
through a Nafion membrane and determine the water transport number. The water
transport number was used to determine the necessary current to pump 1-150 nL/min. A
design spreadsheet was created to explore the scaling of the electrolyte chambers, the
electrodes and the Nafion and to define design parameters. Given various inputs the
design spreadsheet outputs estimated energy use and the required silver chloride starting
mass. Design recommendations are included.
Simulations were done to isolate certain effects and explain anomalies in the data.
Zero point drift occurs over many half cycles of the pump. To isolate the cause of zero
point drift, a single half cycle was run and after flow was observed. It was theorized that
the osmotic pressure that builds up during a half cycle was causing after flow and that it
could also lead to zero point drift. Osmotic pressure due to concentration difference was
found to be a significant factor affecting both after flow and zero point drift. While
osmotic pressure and after flow cannot be eliminated, operating the system with an initial
quarter cycle can reduce the zero point drift effect that has been observed, as shown by
simulation and experimental measurement. Local concentration gradients within a half
cell were not simulated but are expected to contribute to the observed effects. Test cell
leakage was also a likely factor in the observed data.
When designing the pump, scaling and energy use are two main factors. While it
is desirable to minimize both, there can be interactions, depending on the geometries
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used. The Nafion membrane acts as a series resistance; resistance increases as the
membrane surface area is scaled down. Solution chamber volume also acts as a series
resistance; chamber shape can be optimized to minimize resistance.
The majority of the total actuation mechanism volume is the pump solution, with
the supporting structure making up the remainder of the pump volume. For both planar
and linear designs, a minimum of 15nL of solution are required for each side of the
pump.

This ensures that there are enough ions present in the solution so that the

operating voltage does not rise exponentially during a single half cycle.

For a single

electro-osmotic pump with two half cells, this would result in 30nL. For 2 electroosmotic pumps operating in parallel, 60nL would be necessary. For a single electroosmotic pump, including supporting structure, a volume of 0.012cm3 would be required
for the planar pump and 0.177cm3 for the linear pump.

These volumes are stated

assuming that 0.5mm silicon wafers are used for the substrates and that there is 0.5mm of
supporting silicon around the perimeter of a device. Supporting silicon will be used to
contain fluid and support electrodes and membranes.

With careful integration and

minimization of supporting structure, these volumes could be scaled smaller.
example the silicon wafers could be thinned.

For

Maximizing the surface area of the

membrane and electrodes will drive the pump design and extend battery life. Minimizing
the supporting volume will drive the miniaturization of the pump mechanism.
Electro-osmosis is a viable pump mechanism that could be miniaturized and
integrated with a silicon substrate to provide a self contained, battery operated pump that
could be operated remotely. With careful design, either the planar or linear design is
capable of being scaled down to a size appropriate for integration with or attachment to a
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silicon chip. Maximum electrical efficiency and best use of space is obtained by using a
single electro-osmotic pump to run two check valve pumps in parallel.

89

REFERENCES

[1]

E.L.P. Uhlig, W.F. Graydon, W. Zingg, “The electro-osmotic actuation of
implantable insulin micropumps,” Journal of Biomedical Materials Research, Vol.
17, pp. 931-943, 1983.

[2]

Nam-Trung Nguyen, Xiaoyang Huang, Toh Kok Chuan, “MEMS-Micropumps: A
Review,” Journal of Fluids Engineering, Vol. 124, pp.384-392, 2002.

[3]

John O’M. Bockris, Amulya K. N. Reddy, “Modern Electrochemistry, Volume 1,
Volume 2,” Plenum Press, New York, 1970.

[4]

Ralph Petrucci, “General Chemistry: Principles and Modern Applications,”
Macmillan Publishing Company, New York, 1989.

[5]

J.J. Krol, M. Wessling, H. Strathmann, “Concentration polarization with
monopolar ion exchange membranes: current-voltage curves and water
dissociation,” Journal of Membrane Science, 162, 1999, pp. 145-154.

[6]

Sung Jae Kim, Ying-Chih Wang, Jeong Hoon Lee, Hongchul Jang, Jongyoon
Han, “Concentration Polarization and Nonlinear Elecktrokinetic Flow near a
Nanofluidic Channel,” Physical Review Letters, 99, 044501(4), 2007.

[7]

J. Balster, M. H. Yildirim, D. F. Stamatialis, R. Ibanez, R. G. H. Lammertink, V.
Jordan, and M. Wessling, “Morphology and Microtopology of Cation-Exchange
Polymers and the Origin of the Overlimiting Current,” J. Phys. Chem. B,
2007,111, 2152-2156.

[8]

J.J. Krol, M. Wessling, H. Strathmann, “Chronopotentiometry and overlimiting
ion transport through monopolar ion exchange membranes,” Journal of Membrane
Science, 162, 1999, pp. 155-164.

[9]

Michael J. Kelley, Gunter Fafilek, Jurgen O. Besenhard, Hermann Kronberger,
Gerhard E. Nauer, “Contamination adsorption and conductivity in polymer
electrolyte membranes,” Journal of Power Sources, 145, pp. 249-252, 2005.

[10]

Christine E. Evans, Richard D. Noble, Sarah Nazeri-Thompson, Brian Nazeri,
Carl A. Koval, “Role of conditioning on water uptake and hydraulic permeability
of Nafion membranes,” Journal of Membrane Science, 279, pp.521-528, 2006.

[11]

Hirohisa Tamagawa and Fumio Nogata, “Extension of Colacicco’s experiment
supporting the adsorption theory,” Journal of Colloid and Interface Science, 275,
pp.113-122, 2004.

90

[12]

“General Information on Nafion Membrane for Electrolysis,” DuPont, Technical
Bulletin 97-01, Rev. 1/4/99.

[13]

S. Slade, S. A. Campbell, T. R. Ralph, and F. C. Walsh, “Ionic Conductivity of an
Extruded Nafion 1100 EW Series of Membranes,” Journal of the Electrochemical
Society, 149, (12), A1556-A1564, 2002.

[14]

Albert Lehmani, Pierre Turg, Michelle Perie, Jacques Perie, Jean-Pierre Simonin,
“Ion Transport in Nafion 117 membrane,” Journal of Electroanalytical Chemistry,
428, pp.81-89, 1997.

[15]

Tatsushiro Okada, Gang Xie, Oddvar Gorseth, Signe Kjelstrup, Norito Nakamura
and Tomoaki Arimura, “Ion and water transport characteristics of Nafion
membranes as electrolytes,” Electrochimica Acta, 43, pp.3741-3747, 1998.

[16]

G. Suresh, Y.M. Scindia, A. K. Pandey, A. Goswami, “Self-diffusion coefficient
of water in Nafion-117 membrane with different monovalent counterions: a
radiotracer study,” Journal of Membrane Science, 250, 2005, 39-45.

[17]

Jennifer Monahan, Andrew A. Gewirth, and Ralph G. Nuzzo, “A Method for
Filling Complex Polymeric Microfluidic Devices and Arrays,” Anal. Chem.,
2001, 73, pp.319.-3197.

[18]

Xianbo Jin, Juntao Lu, Peifang Liu, Hua Tong, “The electrochemical formation
and reduction of a thick AgCl deposition layer on a silver substrate,” Journal of
Electrochemistry, 542, pp.85-96, 2003.

[19]

Brian J. Polk, Anna Stelzenmuller, Geraldine Mijares, William MacCrehan,
Michael Gaitan, “Ag/AgCl microelectrodes with improved stability for
microfluidics,” Sensors and Actuators B, 114, pp.239-247, 2006.

[20]

David R. Lide, Editor in Chief, “CRC Handbook of Chemistry and Physics,”
Taylor & Francis, New York, 2005.

[21]

J. Horno, C.F. Gonzalez-Fernandez, A. Hayes and F. Gonzalez-Caballero,
“Simulation of concentration polarization in electrokinetic processes by network
thermodynamic methoeds,” Biophys. J., 55, pp.527-535, 1989.

[22]

Yoshinobu Tanaka, “Concentration polarization in ion-exchange membrane
electrodialysis-the events arising in a flowing solution in a desalting cell,” Journal
of Membrane Science, 216, pp.149-164, 2003.

91

Works Consulted
[a]

Katherine A. Dunphy, Rohit N. Karnik, Christine Trinkle, Arun Majumdar,
“Analysis of Governing Parameters for Silver-Silver Chloride Electrodes in
Microfluidic Electrokinetic Devices,” Microscale Thermophysical Engineering, 9,
pp.199-211, 2005.

[b]

Katherine Dunphy Guzman, Rohit N. Karnik, John S. Newman, Arun Majundar,
“Spatially Controlled Microfluidics Using Low-Voltage Electrokinetics,” Journal
of Microelectromechanical Systems, Vol. 15, No. 1, pp.237-245.

[c]

T. Okada, S. Kjelstrup-Ratkje, S. Moller-Holst, L.O. Jerdal, K. Friestad, G. Xie,
R. Holmen, “Water and ion transport in the cation exchange membrane systems
NaCl-SrCl2 and KCl-SrCl2,” Journal of Membrane Science, 111, pp.159-167,
1996.

[d]

Nam-Trung Nguyen, Steven T. Werely, “Fundamentals and Applications of
Microfluidics,” Artech House, Boston, London, 2002.

[e]

Francis E. H. Tay, editor, “Microfluidics and BioMEMS Applications,” Kluwer
Academic Publishers, Boston, 2002.

[f]

Ellis Meng, Xuan-Qi Wang, Howen Mak, Yu-Chong Tai, “A Check-Valved
Silicone Diaphragm Pump,” 13th Annual IEEE International Workshop on
Microelectromechanical Systems, 62-67, 2000.

92

